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Edited by Lev KisselevAbstract An mRNA encoding the esterase from Alicyclobacil-
lus acidocaldarius with catalytically essential serine codon
(ACG) replaced by an amber (UAG) codon was used to study
the suppression in in vitro translation system. Suppression of
UAG by tRNASer(CUA) was monitored by determination of the
full-length and active esterase. It was shown that commonly used
increase of suppressor tRNA concentration inhibits protein pro-
duction and therefore limits suppression. In situ deactivation of
release factor by speciﬁc antibodies leads to eﬃcient suppression
already at low suppressor tRNA concentration and allows an in
vitro synthesis of fully active enzyme in high yield undistinguish-
able from wild-type protein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mechanism of termination of polypeptide biosynthesis at
UAG, UAA and UGA stop codons and suppression of these
codons by suppressor tRNAs is an intensively investigated to-
pic related to incorporation of seldom amino acids into poly-
peptides [1,2] and of practical importance for the broad
application of cell-free protein synthesis for preparation of na-
tive, modiﬁed and conjugated polypeptides [3,4]. Despite the
high demand for modiﬁed or conjugated polypeptides [4,5],
there does not exist a reliable method to achieve incorporation
of unnatural or modiﬁed amino acids into polypeptides by in
vitro translation in high yields. One of the problems that was
not yet satisfyingly solved and is addressed in this communica-
tion is the low yield of suppression caused by competition of
the release factors and aminoacylated suppressor tRNA [6].
The lack of an adequate experimental system to test the com-
petition between release factors and aminoacylated suppressor
tRNA during in vitro translation was a main hindrance to
solve this problem. In this communication, we present a test
system to monitor in one assay the eﬃciency of translational
suppression and the enzymatic activity of the reporter enzyme.*Corresponding author. Fax: +49 921 552432.
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doi:10.1016/j.febslet.2005.03.004Esterase (Est2) from Alicyclobacillus acidocaldarius is a ther-
mostable enzyme that consists of one polypeptide chain and
possesses a broad substrate speciﬁcity [7]. Due to high thermo-
stability, practically instant folding and refolding and easily
detectable activity, this esterase has a potential application as
a reporter for in vitro protein expression. The tertiary structure
of the esterase has been determined by X-ray crystallography
[8]. As in many esterases a serine residue, Serine 155, located
in the Ser–His–Asp catalytic triad, is essential for hydrolytic
activity [8] (Fig. 1B). In Est2 the essential serine 155 is encoded
by the ACG triplet at the corresponding position of the Est2
mRNA [9]. In the present study the coding sequence for serine
155 was substituted to a release factor 1 (RF1)-dependent stop
codon (UAG) and the resulting construct was used for moni-
toring of suppression eﬃciency.2. Materials and methods
2.1. Materials
Taq polymerase was from Qiagen (Hilden, Germany), T7 RNA
polymerase, T4 DNA ligase and restriction enzymes were from New
England Biolabs (Frankfurt, Germany). p-Nitrophenyl acetate was
from Fluka (Steinheim, Germany). Other analytical grade chemicals
were obtained from Roth (Karlsruhe, Germany). Radioactive [14C]leu-
cine (54 mCi/mmol) was purchased from Amersham, Life Sciences
(Freiburg, Germany). Suppressor tRNASer(CUA), prepared by T7 tran-
scription [10], was obtained from Dr. M. Gerrits (RiNA GmbH, Ber-
lin) and can be aminoacylated up to 80% of theoretic yield.
2.2. Plasmid construction
Site-directed mutagenesis was performed on the esterase gene in pI-
VEX_Est2(pEst2) plasmid, which has a UGA stop codon at the end of
the esterase gene, by the overlap extension method. Two separate
PCRs were carried out using (1) T7 promoter primer (5 0-TAATAC-
GACTCACTATAGGG-3 0) and EstS155x_rev (5 0-ATTCCCTCC-
GGCCTAGTCTCCGCCGACCGCGATGC-3 0); (2) EstS155x_for
(5 0-CGGTCGGCGGAGACTAGGCCGGAGGGAATCTTGCC-3 0)
and T7 terminator primer (5 0-CTAGTTATTGCTCAGCGGTG-3 0).
The mutated codons are bolded. The serine codon at position 155 of
amino acid sequence of the esterase was changed to RF1 stop codon
(TAG). The PCR fragments were fused by another PCR using T7 pro-
moter and T7 terminator primers. The fused PCR product was di-
gested with NcoI/SacI and ligated into NcoI/SacI digested pIVEX
vector. The ligation mixture was transformed into Escherichia coli
strain XL-1 Blue. The plasmid DNA was isolated from clones and se-
quenced. The resulting plasmid pEst2_amb155 was used for in vitro
translation.
2.3. Cell-free transcription/translation
Transcription/translation kits were from RiNA GmbH (Berlin, Ger-
many). The reaction was performed at 37 C according to the supplier
manual with 0.5 mM [14C]leucine (17.3 mCi/mmol). The templatesblished by Elsevier B.V. All rights reserved.
Fig. 1. Substitution of the sense (AGC) codon for catalytically
important serine 155 to UAG stop codon in the mRNA of the
esterase from A. acidocaldarius. (A) Scheme of mutated mRNA. (B)
The esterase catalytic triad (Ser–His–Asp) structural organization [8].
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was added up to indicated concentration. Aliquots, 3 ll, were with-
drawn at diﬀerent time intervals and the amount of newly synthesized
protein was determined by radioactivity measurement in 10% hot tri-
chloroacetic acid precipitate. Protein composition was analyzed by
SDS–PAGE [11] followed by radioactivity imaging by PhosphorIm-
ager SI (Molecular Dynamics, Sunnyvale, USA).
2.4. Esterase activity assay
Activity determination was performed as described in [7] with minor
modiﬁcations. Aliquots of 1 ll were withdrawn from transcription/
translation mixture and mixed with 1 ml of 50 mM phosphate buﬀer,
pH 7.5, containing 0.2 mM p-nitrophenyl acetate. Esterase induced
production of p-nitrophenoxide was monitored at 405 nm in 1 cm
path-length cells with UV-Spectral photometer DU 640 (Beckman,
Fullerton, USA) at 25 C.Fig. 2. In vitro synthesis of the esterase from A. acidocaldarius in the in vitro
translation monitored by [14C]leucine incorporation into newly synthesized p
from the in vitro translation mixture after 120 min incubation time. (C) Este
withdrawn from the translation mixture after 120 min incubation time and t
Following templates were used: ﬁlled squares, lane 1 and bar 1 in A, B and C
and C, respectively – pEst2 (control); ﬁlled circles, lane 3 and bar 3 in A
tRNASer(CUA).2.5. Preparation of anti-RF1 antibodies
In E. coli overexpressed and puriﬁed Thermus thermophilus RF1
[12] was used to immunize rabbits following a standard, one month
immunization-protocol (Eurogentec, Belgium). After three boosts
serum was collected, centrifuged and the polyclonal antibodies were
stored at 20 C. 2 ll of antiserum was added per 30 ll of transla-
tion mixture.3. Results
The ACG triplet coding for serine-155 in the Est2 mRNA of
A. acidocaldarius esterase was replaced by the RF1 stop codon
UAG (amber) (Fig. 1A). The stop codon at the end of the Est2
mRNA was UGA (opal) that promotes RF2-dependent termi-
nation. Using this construct as a template for in vitro protein
synthesis, the suppression of the amber codon was measured
by parallel monitoring of the synthesis of 14C-labelled full-
length esterase and the appearance of the esterase activity in
the reaction mixture. Translation of Est2 mRNA(Ser-155)
and Est2 mRNA(amber-155) provides a protein of 34.4 and
17.3 kDa, respectively (Fig. 2A). The amber mutation in posi-
tion 155 of the polypeptide leads to complete termination and
synthesis of 17.3 kDa protein void of esterase activity (Fig. 2B,
lane 1 and Fig. 2C).
Addition of amber suppressor tRNASer(CUA) to the transla-
tion mixture that was programmed by Est2 mRNA(amber-
155) leads, as expected, to the synthesis of full size polypeptide
(Fig. 2B, lane 3) that possesses esterase activity (Fig. 2C, bar 3).
However, the yield of the full-length and active esterase is de-
creased upon addition of suppressor tRNA at high concentra-
tion (Fig. 2A). As indicated by comparison of the results in Fig.
2B, lane 3 and Fig. 2C, bar 3 the speciﬁc activity of the esterase
synthesized in the presence of suppressor tRNASer(CUA) is not
eﬀected. Titration of the translation system with suppressor
tRNASer(CUA) showed that the required concentration of
tRNASer(CUA) for production of the full-length and activetranslation system from E. coli. (A) Kinetics of in vitro transcription/
olypeptides. (B) Radioactive image of the SDS–PAGE of 2 ll samples
rase activity of the in vitro synthesized polypeptides. 1 ll samples were
ested for hydrolysis of p-nitrophenyl acetate as described in Section 2.
, respectively – pEst2_Amb155; ﬁlled triangles, lane 2 and bar 2 in A, B
, B and C, respectively – pEst2_Amb155 in the presence of 25 lM
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This value is in the range of concentrations of tRNA isoaccep-
tors in E. coli cells [13]. Although the non-natural supressor
tRNASer(CUA) is fully active in aminoacylation [14], forms a
complex with EF-Tu Æ GTP and has the optimal prerequisites
to enter the UAG-programmed ribosomal A-site it still has to
compete with endogenous RF1. This competition starts to
be eﬃcient only at lM concentration of Ser-tRNASer(CUA)
(Fig. 3A, C and D). The maximum of suppression in the pres-
ence of endogenous RF1 was achieved at 2.5 lM concentration
of Ser-tRNASer(CUA) and was estimated to be around 50%.
At concentrations higher than 2.5 lM Ser-tRNASer(CUA), sur-
prisingly, the yield of full-length protein starts to drop again
(Fig. 3A and C, lanes and bars 5–7). This eﬀect is accompanied
by drop of esterase activity produced in the translation mixtureFig. 3. Suppression of amber stop codon by suppressor Ser-tRNASer(CUA)
translation system programmed by pEst2_Amb155. (A) Translation in the ab
PAGE separation of 2 ll samples withdrawn from the in vitro translation m
tRNASer(CUA) was as follows: lane 1– no tRNASer added, lane 2 – 24 nM, lane
25 lM. (B) Translation in the presence of anti T. thermophius RF1 antibod
under the same conditions as described in (A). (C) Yield of the full-length est
of diﬀerent amounts of suppressor tRNAser(CUA) as described under (A). Qua
was performed by ImageQuant Software supplied with PhosphorImager SI
presence of anti-RF1 antibodies, gray bars – translation in the absence of
esterase. 1 ll samples were withdrawn from the translation mixture and tested
in the presence of anti-RF1 antibodies, gray bars – translation in the a
tRNASer(CUA) was as described in (A).under these conditions (Fig. 3D). The inability of the system to
produce active, full-length protein in high yield correlates
with the excess of the suppressor tRNA in the reaction mixture
(Fig. 3A, C and D).
The situation changes when the translation of Est2
mRNA(amber 155) is performed in the absence of RF1 that
was deactivated by polyclonal antibodies (Fig. 3B). In the ab-
sence of RF1 (Fig. 3B, C and D; lane and bar 1) the synthesis
of 17 kDa polypeptide substantially decreases as compared to
the translation in the complete system (Fig. 3A, lane 1) but
only a minimal amount, of mostly inactive, full-length protein
is synthesized. This apparently reﬂects stalling of ribosomes at
UAG stop codon in the absence of ribosome recycling caused
by absence of RF1. In its turn this leaves downstream mRNA
sequence unprotected from nuclease degradation and couldin the presence or absence of antibodies against RF1 in the in vitro
sence of anti-RF1 antibodies. Radioactive image of the gel after SDS–
ixture after 160 min of incubation. Concentration of added suppressor
3 – 120 nM, lane 4 – 600 nM, lane 5 – 2.5 lM, lane 6 – 10 lM, lane 7 –
ies (2 ll serum/30 ll translation mixture). Radioactive image obtained
erase obtained by in vitro translation of pEst2_Amb155 in the presence
ntiﬁcation of the full-length esterase radioactive band from (A) and (B)
and is represented in arbitrary units. Black bars – translation in the
anti-RF1 antibodies. (D) Enzymatic activity of the in vitro produced
for esterase activity as described in Section 2. Black bars – translation
bsence of anti-RF1 antibodies. Concentration of added suppressor
D.E. Agafonov et al. / FEBS Letters 579 (2005) 2156–2160 2159stimulate tmRNA-dependent degradation of synthesized prod-
uct.
As compared to the complete system (Fig. 3A, C and D),
in the absence of RF1 the concentration of tRNASer(CUA) re-
quired for complete UAG suppression and synthesis of active
full-length esterase from Est2 mRNA(amber-155) drops dra-
matically (Fig. 3B, C and D). Already at 24 nM concentra-
tion in the translation mixture tRNASer(CUA) promotes the
synthesis of the full-length (34 kDa) and active polypeptide
reaching the identical yield as in the system programmed
by wild-type Est2 mRNA (Ser-155) (compare Fig. 3D, bar
2 and Fig. 2C, bar 2). The yield of active esterase remains
high up to 2.5 lM concentration of tRNASer(CUA) (Fig. 3C,
bars 2–5). Further increase of the suppressor tRNA concen-
tration in the translation mixture results in protein produc-
tion decline along with loss of enzymatic activity. In the
high tRNASer(CUA) concentration range there is a coincidence
between the data presented in Fig. 3A, B, C and D in lanes
and bars 5–7. Thus, it was demonstrated that in the absence
of endogenous RF1 the suppressor Ser-tRNASer(CUA) already
at 24 nM concentration is eﬃciently bound to the A-site of
UAG-programmed ribosomes and incorporates the catalyti-
cally essential serine-155 into the enzyme. In order to achieve
high eﬃciency of suppression there is no need to use harm-
fully high concentrations of suppressor tRNA, when the
RF1 is absent from the translation mixture. At high Ser-
tRNASer(CUA) Æ EF-Tu Æ GTP concentrations the competition
with other aminoacyl-tRNA Æ EF-Tu Æ GTP ternary com-
plexes leads, probably, to misreading of near-cognate codons
and results in synthesis of error prone or incomplete polypep-
tide chains void of enzymatic activity and sensitive for post-
translational degradation.4. Discussion
As a rule, when stop codons appear in the ribosomal A-
site there is no aminoacyl-tRNA Æ EF-Tu Æ GTP ternary
complex available to read the termination triplet. Instead a
protein, a class I release factor, decodes the termination trip-
let and initiates the peptide hydrolysis from the P-site bound
peptidyl-tRNA and the peptide release [15]. The aﬃnity of
class I RFs to the A-site of termination codon-programmed
ribosomes must be, therefore, considerably higher than the
aﬃnity of near-cognate aminoacyl-tRNAs to this site [16].
It follows that the concentrations of release factors and ami-
noacyl-tRNAs in the cell have to be precisely balanced in
order to achieve a precisely controlled termination [17]. At
concentrations of release factors below cellular level, the
chance for aminoacyl-tRNAs with a near-cognate anticodon
to be bound to ‘‘hungry’’ termination codon-programmed
ribosomes and to suppress the termination signal will in-
crease. On the other hand, in the presence of RF1 at normal
cellular concentration, if the concentration of individual ami-
noacyl-tRNA Æ EF-Tu Æ GTP complex increases above a tol-
erated limit, the chance for misreading at near-cognate
codons during in vitro translation, including suppression of
stop codons, will rise [18]. Indeed, a synthesis of an inactive
enzyme was observed in the present work in the absence of
RF1 when the ‘‘hungry’’ UAG stop codon entered the ribo-
somal A-site (Fig. 3B, lane 1) This observation has impor-tant practical implications and underlines the necessity for
determination of optimal and balanced concentrations of
aminoacyl-tRNAs and RF1 in order to obtain high yield
of active proteins by in vitro translation. As noted earlier,
the concentration of RF1 does not regulate exclusively the
termination but at the same time it inﬂuences the ﬁdelity
of translation [19].
Competition of suppressor tRNA with release factors is
the main reason for low expression yields in the commonly
used translation systems [6]. It was suggested previously that
inactivation of release factors by RNA aptamers [10,20] or
temperature deactivation of thermosensitive RF1 [21] in-
creases the yield of suppression. The eﬃciency of UAG sup-
pression by suppressor tRNAs using these systems, however,
did not reach the levels reported in the present communica-
tion. Probably, the eﬃciency of RF1 deactivation in the pre-
viously reported attempts was not suﬃcient to decrease
concentrations of active RF1 in the translation mixtures be-
low minimal level that is required for termination. The use
of polyclonal antibodies as reported in this work meets this
requirement.
Many investigators dealing with mechanism of termination
and suppression of termination codons used SDS–PAGE as a
criterion for monitoring of suppression events. The possibility
of increased translation error rates or frameshifting events
due to high concentrations of unnatural suppressor tRNAs
was usually disregarded. The construction of Est2
mRNA(amber 155) allows to monitor in parallel the eﬃ-
ciency of the UAG suppression by a band shift in SDS–
PAGE and the accumulation of esterase activity in the in vi-
tro translation mixture. This assay is suitable for estimation
of optimal conditions to achieve high yield suppression in dif-
ferent in vitro translation mixtures. Such assessment seems to
be very important since in vitro translation systems may indi-
vidually diﬀer from each other due to diﬀerent source and
preparation methods.
Naturally occurring suppression events, as the incorpora-
tion of selenocysteine [1] or pyrolysine [2] into polypeptides
at UAG triplets are complicated and directed by special
suppressor tRNAs that carry the respective amino acid
and speciﬁc structural elements of mRNA near the recoding
UAG site that conﬁne their biotechnological application. In
the case of selenocysteine incorporation an additional
accessory protein, an analogue of elongation factor Tu
[22], is involved in the process. Due to competition with re-
lease factors, high concentrations of aminoacylated suppres-
sor tRNAs have to be used for suppression of artiﬁcially
introduced internal UAG codons to achieve synthesis of
polypeptides with unnatural or modiﬁed amino acids [4].
However, high concentration of suppressor tRNA leads to
low eﬃciency of translation and the loss of activity of in vi-
tro synthesized proteins. As demonstrated in this communi-
cation, in order to avoid a competition with tRNASer(CUA),
the remaining concentration of RF1 in the in vitro transla-
tion mixture has to be very low, which was achieved by
anti-RF1 antibodies. Under such condition the
incorporation of serine from Ser-tRNASer(CUA) into the
polypeptide at UAG codon reaches a full level and opens
the possibility to incorporate unnatural amino acids into
polypeptide in high yield under full retention of the polypep-
tide activity.
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